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F V A B S T R A C T   

Multi-storey buildings require mitigation of consequences of unexpected or accidental events, to prevent 
disproportionate collapse after an initial damage. Cross-laminated timber (CLT) in platform-type construction is 
increasingly used for multi-storey buildings, however, the collapse behaviour and alternative load paths (ALPs) 
are not fully understood. A 3D non-linear component-based finite element model was developed for a platform- 
type CLT floor system to study the ALPs after an internal wall loss, in a pushdown analysis. The model, which 
accounted for connection failure, timber crushing and large displacements, was calibrated to experimental re-
sults and then adapted for boundary conditions corresponding to typical residential and office buildings. Sub-
sequently, five parameters (floor span, connection type, vertical location of the floor, tying level, horizontal wall 
stiffness) were varied, to study their effects on the ALPs in 80 models. The results showed that three ALPs 
occurred, of which catenary action was the most dominant. Collapse resistance was mainly affected by the floor 
span, followed by the axial strength, stiffness and ductility of the floor-to-floor connection, the weight of the level 
above and the floor panel thickness. This study provides an approach to model ALPs in a platform-type CLT floor 
system to design disproportionate collapse resistant multi-storey CLT buildings.   

1. Disproportionate collapse prevention for CLT buildings 

1.1. Multi-storey mass timber buildings 

Engineered mass timber products, particularly Cross-Laminated 
Timber (CLT), have seen increased utilisation in multi-storey buildings 
[1]. From early examples such as the Stadthaus in London [2], to recent 
hybrid buildings such as the Brock Commons in Vancouver [3], the 
design of multi-storey CLT buildings has become common practice, also 
in earthquake-prone regions [4]. CLT structures may be designed in 
balloon-type construction with continuous walls, or in platform-type 
construction (see Fig. 1) as for the Stadthaus, where the walls are 
discontinuous at every level; together with the floors resting on them, 
they form a platform for the next level [5]. 

In a platform-type construction, the floor panels resting on the walls 
below, are connected using self-tapping screws (STSs). The walls of the 
next levels directly bear on the floor panels and are fastened in place 
using angle brackets with screws or nails. In this configuration, where 
the floor panels are sandwiched between the walls below and above, the 

gravity load path assumes a pin connection where horizontal move-
ments are mainly prevented by the building weight. For the lateral load 
path, the angle brackets and STSs are designed to resist the inter-storey 
shears [6]; and the connections between the floor panels can be done 
using STSs in lap, spline, or butt joints [7]. 

1.2. Disproportionate collapse prevention 

Multi-storey buildings need considerations against disproportionate 
collapse following abnormal loads, e.g. accidents, explosions, extreme 
earthquakes, because of the possible consequences in form of loss of 
human lives as well as economic losses [8]. Typical examples are the 
partial collapse of Ronan Point apartment and the World Trade Centre 
collapse. Building codes, such as EN1991-1-7 [9] require that high oc-
cupancy buildings (mid- and high-rises) be designed to prevent such 
catastrophic events. Structural engineering approaches to prevent col-
lapses include three lines of defence: i) reducing the exposure of the 
structure, e.g. standoff distance [10,11]; ii) reducing the vulnerability of 
the structure, e.g. key element design [9–11]; and iii) improving the 
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structural robustness [12,13]. 
The first approach is often not possible for events such as natural 

catastrophes. The second method often creates significant additional 
costs, leading to unpractical design solutions. In addition, it does not 
ensure a protection from collapse after failure of one of the overdesigned 
components [14]. Therefore the third approach, improving structural 
robustness, e.g. by designing the structure so it can develop alternative 
load paths (ALPs), has been considered the preferred method for 
disproportionate collapse prevention [13,15,16]. 

1.3. Alternative load path analyses 

To evaluate structural robustness, ALP analyses (ALPA) ranging from 
elastic static to non-linear dynamic approaches are performed by 
notional removal of structural components. ALPA disregard the extreme 
load itself; it is simply assumed that an initial damage has occurred, and 
the structure must trigger collapse-resistance mechanisms to prevent 
disproportionate collapse. Simplified approaches are often based on 
linear static ALPA, e.g. to calculate necessary component tie forces [17]. 
Complex non-linear dynamic analyses provide a more realistic structural 
assessment leading to cost effective solutions [18]. Non-linear dynamic 
analyses can be simplified by pushing down the structure above the 
removal in a non-linear quasi-static analysis, recording its force- 
displacement behaviour, i.e. the ‘pushdown curve’ [18,19], thereby 
describing how ALPs are developed. Knowledge about sources of non- 
linear behaviours in members and connections, that aid the collapse- 
resistance mechanisms, is critical [20]. Non-linear high-fidelity ana-
lyses are generally performed at the component level, e.g. floor sub- 
assemblies [21,22]. 

In ALPA for post-and-beam structural systems, notional removal is 
usually assumed by deleting a structural column. For wall systems such 
as platform-type construction, damage may be idealised by the removal 
of a wall section at the considered storey, often 2.25 times the height 
[13,14]. Possible ALPs of a floor system in a platform-type building 
include: i) catenary action, where the tensile capacity along the consid-
ered direction of the floor panels contributes to sustaining the remaining 

Fig. 2. a) Experimental set-up of floor tests; b) Components of CLT floor tests.  

Fig. 1. Typical joints in a CLT building with platform-type construction.  
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structure after a sufficiently large rotation in the joints [23]; ii) mem-
brane action, where the tensile capacity of the entire floor is used both 
along and across the main floor direction above a gap [14]; and iii) 
arching action, where the top fibres of a floor resist its rotation above the 
gap by compressive forces [19]. Further ALPs for walls system such as 
cantilever, beam and hanging action [14,19,23] are outside the scope of 
this paper. 

Previous research [24] on reinforced concrete structures has shown 
that laterally restrained floors could undergo deflections between 10% 
and 20% of the single span (L) without collapse, due to catenary action. 
For concrete frame structures, this deflection was measured to 18% 
[25,26], and for steel assemblies 8% of L [27]. Existing guidelines [11] 
recommend that the system should be able to undergo a rotation of 11.3◦

while maintaining its load-carrying capacity without collapse. These 
relative deformations between the measured deflection and the floor 
span, also known as acceptance criteria, were typically considered as 
thresholds for disproportionate collapse prevention. Although estab-
lished for steel and concrete structures, there is limited research [28,29] 
that confirms the capability of mass timber floor systems to undergo 
such large deformations without failure. 

1.4. Disproportionate collapse prevention of CLT buildings 

Guidance for structural robustness of CLT buildings is scarce. Using 
recommendations from the Timber Frame (TF2000) tests [30] often 
leads to unpractical and uneconomical solutions when applied to mid- 
rise CLT buildings. With little guidance, designers rely on best prac-
tices and their engineering judgements to design CLT buildings for 
disproportionate collapse prevention [31]. 

Recent research addressed this gap in design guidance. The analysis 
of a 12-storey CLT platform-type building after sudden removal of in-
ternal and external ground floor walls showed a high probability of 
collapse without structural robustness considerations [32]. The analysis 
of a 9-storey CLT flat-plate building after different scenarios of ground 
floor column removal demonstrated that hanging and catenary actions 
are the main collapse-resistance mechanisms, if the ALPs through ver-
tical and horizontal ties are adequately designed [23]. In an analysis by 
Huber et al. [33], single storeys in a corner bay of a 6-storey platform- 
type CLT building were pushed down to elicit their ALPs after an 
external wall removal. The resulting ALPs included transversal shearing 
and catenary action in the floors, arching action in the walls and hanging 
action from the roof. An extension of this work showed that collapse was 
unlikely for the single wall removal, but highly probable for double wall 
removal, and that improved connection design and wall staggering 
could exploit the ALPs to a greater extent [34]. For a mass-timber post- 
and-beam system, tests at component level following internal column 
removal [35] using both traditional and novel connection details, 
showed that only the latter could develop catenary action under large 
deformations. Further tests on mass-timber beam-to-column connec-
tions, with and without reinforcements, following internal column 
removal demonstrated the ability to trigger ALPs with adequate 
connection detailing [29]. Finally, tests on a 2 × 2 bay of post-and-beam 
structure with CLT floors following an edge column removal showed the 
CLT floor efficiency in developing ALPs to resist collapse, as well as the 
importance of adequate connection detailing [36]. 

1.5. Collapse-resisting mechanisms of CLT floors 

To understand the possible collapse-resisting mechanisms at the 
component level, several mass-timber floor systems in platform-type 
construction, were tested [28], see Fig. 2a. The components for the 
discontinuous single-span CLT specimens are illustrated in Fig. 2b: two 
580 mm wide lap-jointed CLT floor panels, supported on two CLT 
external wall sections, spanned a gap of 2L = 3962 mm over the 
removed internal wall, where L is the single span. The floors were axially 
restrained to mimic a tie to the surrounding structure. The floor-to-wall 

(F-W) connection consisted of two AE116-R angle brackets [37] and four 
Ø 8 × 300 mm STSs [38] (8 mm diameter and 300 mm long). The floor- 
to-floor (F-F) lap joint consisted of two alternatives: i) a traditional 
connection with four Ø 8 × 120 mm STSs [38] and ii) a novel connection 
with two additional tube connectors. These connectors consisted of Ø 
76.2 mm steel tubes, connected by threaded rods [39,40]. The left 
supporting wall rested on the lab floor, while the right wall could slide 
horizontally. On top of the floors, hollow steel profiles were clamped 
with nuts on threaded steel bars to idealise the compression from the 
next platform. The pushdown distance, δ, was increased quasi-statically 
by the hydraulic jack after the initial deformation due to self-weight. 

The test results showed that, with appropriate detailing, the floor 
system can develop resistance mechanisms against disproportionate 
collapse. Floor systems continuous above the internal wall had high 
strength and stiffness but limited ductility, with failure governed by the 
panel bending strength. The F-F joint improved the ability to sustain 
large deformation without brittle failure, in specific for the stiffer and 
more ductile novel connection. It was concluded that catenary action, 
which was observed for the novel connection, was the ideal collapse- 
resistance mechanism [28]. 

1.6. Finite element modelling of CLT and wood 

Finite element (FE) models of CLT panels may include various levels 
of complexity regarding section properties and material behaviours. For 
bending, CLT panels may be modelled by shell (2D or 3D) elements 
obeying plate theory, which does not consider strains in the thickness 
[41]. To include out-of-plane strains or effects of intralaminar gaps be-
tween the boards, solid (3D) elements may be required [42]. With 
respect to material properties, elastic behaviour of CLT can be modelled 
using either isotropy with section property modifications or orthotropy 
for more realistic strength and stiffness [5]. Accounting for the local 
material directions in separate lamellae enables to model non-linear 
material behaviour, e.g. plastic crushing or cracking. In [32], 3D CLT 
panels with non-linear behaviours were modelled using Multiplas wood 
material law #33 [43], which applied orthotropic-boxed material 
models [44] to capture post-yielding behaviour. For the CLT models in 
[33], solid elements captured yielding in regions with high compressive 
loads by an Abaqus [45] subroutine, while solid shell elements were 
used in regions predominantly loaded in bending. Other material models 
account for brittle cracking and plastic failure [46–50]; most models are 
orthotropic and assume clear wood without fibre deviations [51], but 
local fibre deviations around knot groups have been considered [52]. To 
account for non-linear joint behaviour between CLT panels, connectors 
such as nails or screws can be modelled by 1D two-node finite connector 
elements [33,53,54], which substitute the force-displacement behav-
iours in all directions and account for coupling effects between them. 
Solving non-linearities in an FE analysis requires iterative solution 
schemes, e.g. Newton-Raphson, which can render the solution to be 
path-dependent [55]. Changes in initial conditions may thus affect the 
results in a disproportionate manner, and diligent calibration with ex-
periments is therefore required. 

1.7. Objective: non-linear component-level FEM for CLT buildings 

Non-linear component-level (NLCL) models, which include individ-
ual structural components and connection details, can account for ma-
terial, geometry and contact non-linearities including failure modes. 
Such models can reproduce the observed behaviours during testing and 
enable the expansion towards different conditions not implemented 
during testing. As a result, NLCL FE analyses are an effective approach to 
predict detailed ALP responses and have been used to provide thorough 
understanding of steel and concrete structures after element removal 
[21,22]. While some numerical and experimental studies addressed the 
performance of CLT buildings following abnormal events, none applied 
(NLCL) FE models to evaluate structural robustness. 
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Previous experiments [28] investigated the ALPs in platform-type 
CLT floors; however, the tests were limited by the set-up boundary 
conditions. Amongst other factors, the influence of floor span and the 
loads above the platform joint on the ALPs remain to be understood. 

Given the lack of research on CLT floor systems, NLCL FE analyses are a 
viable approach to expand the scope to the desired parameter variations 
and help designers to improve the structural robustness. 

The goals of the study presented herein were to: i) develop and 

a)
b)

c) d)
Fig. 4. Force-displacement curves used as inputs for the connector elements: a) lateral loading of STSs; b) axial loading of STSs; c) tension and shear of angle bracket; 
d) axial loading of tube connector. 

Fig. 3. a) Calibration configuration; Mesh size, connector elements and couplings: b) platform joint; c) lap joint.  
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calibrate an NLCL FE model of a wall removal below a F-F joint in a 
platform-type CLT floor; and ii) analyse the ALPs of the floor in a typical 
building configuration and their dependence on critical design param-
eters. To reach these goals, the commercial FE software Abaqus [45] was 
used and calibrated with data from previous research [28]. The model 
was then adapted to a common building situation and five parameters 
(floor span, connection type, vertical location of the floor, tying level, 
horizontal wall stiffness) were varied in 80 models. 

2. Numerical investigations 

2.1. Spatial modelling 

An NLCL 3D FE model was developed in the commercial software 
Abaqus [45] for a platform-type CLT floor with an internal support wall 
removed below a lap joint. At first, the experimental setup of CLT floors 
from [28], as described in Section 1.5, was modelled for validation, see 
Fig. 3a, herein referred to as the calibration configuration. This calibration 
configuration contained four separate deformable 3D bodies: the left 
and right floor panels, and the two supporting wall panels. A symmetry 
plane (longitudinal-transversal plane) was exploited, reducing the 
model in half. For the CLT panels, predominantly quadratic 20-node 
hexahedral elements (C3D20R) were used for improved accuracy in 
bending, plasticity and contact resolution [45]. The mesh was com-
plemented by quadratic 10-node tetrahedral elements (C3D10) for mesh 
transition, where required. Each layer of the CLT panels was explicitly 
modelled and the local orientation of the wood in each CLT lamina was 
accounted for by respective local material coordinate systems. 

The model further contained four rigid 2D surface parts: the two 
bases of the wall sections, and the contacting bottom surfaces of the steel 
clamps, which idealised the loads from floor levels above. Rigidity was 
assumed because no deformations were noted for these components 
during the tests due to their larger stiffness compared to the wood 
components. Physical contact among all parts was modelled by a “hard” 
pressure-overclosure relationship in the normal direction, which was 
enforced by the augmented Lagrange method, i.e. additional iterations 
were used for a stiff approximation of contact pressure to increase ac-
curacy [45]. In the tangential direction of contact, a Coulomb frictional 
law was modelled with an isotropic coefficient of 0.3 [56]. The solid 
element mesh size was chosen after a sensitivity analysis. The mesh was 
progressively refined by iteratively decreasing the size by a factor of 
0.75. In each iteration, the pushdown curve and the cross-sectional 
stresses in the platform and lap joint were checked at a distance of 
half a layer thickness from the stress concentrations due to the contact 
edges. When two successive results differed by less than 5%, the 
respective mesh size was adopted for the analyses. The mesh size was 
then locally increased at locations where CLT panels experienced low 
stress gradients, e.g. lengthwise in the middle of the panels (75 × 150 
mm bricks, one layer thick), while verifying that the changes didn’t 
influence the results. The mesh size at the interfaces between the com-
ponents was kept small, see Fig. 3b and c, as they experienced large 
stress gradients. 

2.2. Connections and boundary conditions 

For the calibration configuration, one model for each tested 
connection alternative was created. All STSs, brackets and steel tube 
connectors were modelled by single 1D two-node finite connector ele-
ments (CONN3D2) at their respective locations, with each node coupled 
to the respective surfaces to be connected. For the tube connectors, each 
node was coupled to nodes in the corresponding volume which was cut 
out to for the tests to fit the tube (see Fig. 3c). Each connector element 
substituted the entire force-displacement behaviour up to rupture of the 
respective connection. For the STSs, the force-displacement data was 
taken from the results reported for withdrawal and shear monotonic 
tests on lap-joint connections in [57]. For the angle brackets, data from 

separately conducted CLT connection tests in shear (parallel to the wall) 
and tension (perpendicular to the wall) was used. The rotational 
behaviour of the bracket was adapted from [33]. For the tube connector, 
the data for the 76.2 mm diameter tube [39] was used. 

All force-displacement curves were approximated as illustrated in 
Fig. 4 and used as inputs for the connector elements. Table 1 summarises 
some modelling parameters: initial elastic stiffness before plasticising, k, 
maximum resistance, Rmax, and the damage initiating connector motion, 
xd. After damage initiation in one connector direction, the stiffness along 
all directions was modelled to degrade until rupture, i.e. total loss of 
stiffness mimicking connection failure. For the STSs, it was assumed that 
reaching Rmax in axial direction would degrade the lateral resistance, 
reflecting that screw withdrawal would impair the shear resistance. For 
the rotational behaviour of the bracket, damage was not modelled. The 
axial restraints and the threaded bars coupled to the steel profiles were 
also modelled with connector elements: for each, the first node was fixed 
in space and the translational degrees of freedom of the second node 
were coupled to the edge of the floor panels and the rigid surfaces 
replacing the steel profiles, respectively. The compliances were esti-
mated and adapted to the test results. The pivoting arm of the hydraulic 
jack which applied the pushdown load was modelled by a rigid link 
which was, in one end, pin jointed to the estimated pivot centre of the 
jack and, in the other end, coupled in translation to the top surface of the 
platform joint. The left base of the wall section was fixed in space; the 
right base could slide longitudinally. 

2.3. Material parameters 

The CLT panels were E1M4 stress-grade [58] with high-grade boards 
(MRS SPF) in the major direction and low-grade boards (SPF No.3) in the 
minor direction. The orientation of the timber in each layer was 
considered. Since single boards in a CLT panel may be oriented differ-
ently, it was only differentiated between a longitudinal and perpendic-
ular material direction, i.e. the properties of the radial and tangential 
directions were averaged to use a transverse isotropic material model. 
The parameters for the stiffness tensor for both the major and minor 
directions are summarised in Table 2. The longitudinal stiffness (E11) 
was provided by the manufacturer [58], the remaining values were 
calculated according to [59], with Poisson’s ratios taken from [51]. 

Table 1 
Connector specifications and critical modelling parameters.  

Connector Direction k Rmax xd 

F-F STS lateral 0.68 kN/mm 8.21 kN 49.4 mm  
axial 2.71 kN/mm 5.93 kN 3.9 mm  

F-W STS lateral 0.60 kN/mm 12.79 kN 90.6 mm  
axial 6.88 kN/mm 9.00 kN 2.5 mm  

Angle bracket shear 2.92 kN/mm 22.96 kN 17.1 mm  
tension 2.98 kN/mm 16.43 kN 29.3 mm  
rotation 44.83 Nm/deg 89.30 Nm –  

Tube connector axial 16.40 kN/mm 49.80 kN 30 mm  

Table 2 
Elastic parameters for the stiffness tensor in the major and minor CLT layers; 
directions 1, 2 and 3 correspond respectively to the longitudinal, radial and 
tangential direction in wood.  

Parameter Major 
(MPa, –) 

Minor 
(MPa, –) 

E11 12,400 9000 
E22 = E33 413 300 
G12 = G13 775 563 
G23 78 56 
υ12 = υ13 0.445 0.445 
υ23 0.410 0.410  
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The experimentally observed wood crushing was modelled by 
assuming ideal plasticity. To evaluate yielding, five Tsai-Wu yield sur-
faces [60] were used simultaneously, i.e. three for the separate uniaxial 
compression and two for the interactions longitudinal-transverse and 
transverse-transverse. Fig. 5 shows a section of the envelope of the 
surfaces in 3D stress space. The surfaces were implemented using a user 
subroutine adapted from [48] with a multisurface return-mapping al-
gorithm from [50]. The Tsai-Wu yield criterion was used without ac-
counting for coupling terms from shear and biaxial stresses, resulting in 
the simplified expression in Equation (1): 

f (σ) = a1σ1 + a2σ2 + a3σ3 + b11σ2
1 + b22σ2

2 + b33σ2
3 ≤ 1 (1)  

where σi are the normal stresses in the respective directions, ai and bij are 
coefficients and yielding occurs if f(σ) = 1. The coefficients were 
adapted to construct corresponding yield surfaces for the respective 
compressive strength values of both the major and minor CLT layers. For 
the analyses, mean strength values were used, see Table 3. The char-
acteristic (5th-percentile) strength values from [58] were transformed to 
mean values by multiplying by a factor of 1.49, assuming a typical co-
efficient of variation (CoV) of 20% [51]. Tensile and shear failure was 
evaluated manually in the post processor. 

2.4. Pushdown analysis 

In an initial analysis step, gravity was applied to the system, without 
constraining the resulting initial deformation. Subsequently, to model 
the loading, the node resembling the pivot of the hydraulic jack was 
moved down vertically in a quasi-static manner (0.5 mm/s) and the 
resulting reaction force at that point was recorded. Corresponding to the 
experiments, the pushdown distance was limited to 250 mm. Dynamic 
analyses were conducted with implicit time integration using inertia to 
dampen the system. Since loading was quasi-static and high frequency 
oscillations were not assumed to affect the result, the backward Euler 
integrator was used for the analyses. The backward Euler time integrator 
is appropriate for quasi-static loadings as it provides high numerical 

damping, due to its mathematical nature and the necessary time dis-
cretisation, and thus suppresses high frequency responses [34]. This 
implicit dynamic setup provided convergence at sudden stiffness 
changes, e.g. during connector failure, compared to a purely static setup. 
No further damping or stabilisation techniques were used. The auto-
matic time incrementation was set to the standard for discontinuous 
analyses and the maximum allowable time increment was set to 25 s. 
Large displacement effects were accounted for during the analysis. 

The models from the calibration configuration were validated i) 
qualitatively by assessing the failure modes of the connections and the 
behaviour of the pushdown curves, and ii) quantitatively by measuring 
the characteristic points in the pushdown curves and the relative error of 
the simulated pushdown curve to the envelope of the corresponding 
experimental pushdown curves. Acknowledging that uncertainties 
existed concerning the experimental tests, e.g. the setup, the variability 
of the material and the connector installation, and the fact that only two 
tests per connector variant were performed, no perfect fit was expected. 

2.5. Model adaptation 

After the calibration configuration was validated with the experi-
ments, the conditions at the platform joint were adapted to reflect 
typical building situations. The adapted model is herein referred to as 
the platform configuration and it is exemplified for the left platform joint 
in Fig. 6. Compared to the calibration configuration, the platform 
configuration contained wall sections instead of the restraining steel 
profiles on top of the floors. The rigid bases were removed and instead, 
the bottom surfaces of the lower wall sections were constrained by a 
horizontal sliding condition including locked rotation and the top sur-
faces of the upper wall sections were only locked in rotation. The lon-
gitudinal sliding of each wall section was restrained by a spring stiffness, 
the horizontal wall stiffness KH, towards the fixed background, to account 
for compliance of the continued walls since a fully rigid behaviour was 
deemed unrealistic. The vertical motion of the upper wall sections was 
restrained only by a pressure on their top surfaces replacing the total 
dead load of the assumed structure above. Again, symmetry was 
exploited. 

The connections in the platform configuration were modelled as 
before; however, the location of the angle bracket was adjusted to 
connect the floor panels to the wall sections on top, instead of to the wall 
sections below, to reflect a realistic situation. Furthermore, the free ends 
of the floor panels were coupled to the fixed background via a connector 
element substituting the behaviour of the horizontal ties of the 
continued floor. The force-displacement behaviour of this element was 
set to be equal to the corresponding lap joint connection, i.e. either the 
traditional or novel connection, times a factor X increasing the stiffness 

Fig. 5. Section of the envelope of the Tsai-Wu surfaces used for compressive 
crushing in the major CLT layer; 1, 2 and 3 correspond to uniaxial, and 4 and 5 
to interaction failure. Values in MPa. 

Fig. 6. Platform joint in the platform configuration of the floor model.  

Table 3 
Assumed mean strength values in MPa.   

parallel to grain perpendicular to grain  

compression tension shear compression tension shear 

Major 29.66 26.38 2.24 7.90 0.60 0.75 
Minor 13.41 4.77 2.24 7.90 0.60 0.75  
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and strength values of the connection. During analysis, first the wall 
sections were loaded with their respective load, then the gravitational 
load was applied on the floor panels, and finally pushdown was con-
ducted as described in Section 2.1. The pushdown was increased until 
either convergence stopped, or system collapse occurred. 

2.6. Parameter variations 

The platform configuration served as a model for parameter varia-
tions to study their effects on the pushdown curve. In total, five pa-
rameters were varied, see Table 4. Each possible parameter 
combination, i.e. for a total of 80 models, was analysed. 

i) The first parameter was the floor type, where primarily the dis-
tance over the removed wall was varied, representing the span between 
the two external supports after internal support removal. To maintain a 
reference to the calibration configuration, its floor geometry (C) was 
kept as a base case in the platform configuration. Four additional ge-
ometries were added: typical floors for residential (R) and office (O) 
buildings in North America, each with a short span (R1 = 4.5 m, O1 =
6.0 m), and a long span (R2 = 9 m, O2 = 12 m). To ensure realistic data 
for both buildings, the thicknesses of the floor and wall panels were 
adapted (see Table 4), based on design calculations according to [61] 
and [59], assuming a 6-storey CLT building with 3 m storey height. 

ii) The second parameter was the location of the assumed storey with 
respect to building height, which resulted in different superimposed 
loads acting on the top of the upper wall. The wall loads (W) were 
calculated for the floor types R and O at the respective bottom (S1) and 
roof (S6) locations from only the dead loads of the respective upper 
floors. For floor type C, the loads from R were used, for comparison. 

iii) The third parameter was the connection variant (T or N) in the lap 
joint above the removed wall, where T corresponded to four STSs and N 
corresponded to additionally two tube connectors. 

iv) The fourth parameter was the factor X by which the stiffness and 
strength of the horizontal ties was increased (X1 and X5). Since the tie 
behaviour was modelled to be contingent to the connection variant in 
the lap joint, the final tie behaviour was partially dependent on the third 
parameter. 

v) The fifth parameter was the horizontal wall stiffness KH. Its value 
was assumed to depend on the connection detailing between the walls 
and their neighbouring structural components, the connection detailing 
between the walls and the floors above, and the bending stiffness of the 

wall panels at the corresponding lengthwise position of the floor panel. 
Given the inherent uncertainty in KH, two values where assumed rep-
resenting upper and lower limits. In the stiffest case, the walls were 
assumed be jointed to two perpendicular walls at the edges providing a 
geometric restraint, with the floor panels located close to the edge of the 
wall panels. In the most flexible case, the wall panels may be connected 
to parallel walls with a minimum number of screws, and the floor panels 
may be located in the middle of the wall panels. Note, that the given 
values in Table 4 apply to the studied width in the symmetric model, i.e. 
290 mm of wall length. 

In the results, the variations are addressed by the parameter level 
abbreviations, e.g. R1-S1-T-X1-K100 for the model with floor di-
mensions of the short span residential building, with wall loads resem-
bling a bottom storey location, with a traditional connection, a 1-fold 
level of horizontal ties, and a high level of horizontal wall stiffness. 

2.7. Postprocessing 

Beyond stress and displacements, the simulations delivered abun-
dant data, e.g. yield state and contact information, connector forces, 
connector displacements and damage states, for each increment during 
pushdown. For this study, selected results are presented as relative 
values, for better comparability. The relative pushdown distance, κ, was 
defined as in Equation (2), similar to the commonly used acceptance 
criteria for disproportionate collapse: 

κ =
δ
L

(2)  

where δ is the absolute pushdown distance and L is the single span, i.e. 
the gap is 2L, including the initial deformation due to panel self-weight 
with zero pushdown force. The normalised pushdown force (per m wall 
length), FPD (κ), was calculated by dividing the measured absolute 
pushdown force by the model floor width. Equally, the normalised tie 
force, FT (κ), was calculated from the measured tie forces. The de-
velopments of FPD and FT over increasing κ provide the pushdown curve 
and tie force curve, respectively. From each pushdown curve, the 
following characteristics were extracted:  

• Initial stiffness, Kini, in kN/mm (normalised to 1 m wall length), 
regarding the initial linear stage of FPD (κ), measured equally for the 
first 25 mm range of δ, where FPD greater than 0. 

Table 4 
Parameter variations for the platform configuration.  

Parameter Level Change Details 

Floor type Calibration (C) span of tested floor 3962 mm  
CLT wall thickness 5-ply, 139 mm   
CLT floor thickness 5-ply, 139 mm  

Residential (R) short span (R1) 4500 mm   
long span (R2) 9000 mm   
CLT wall thickness 5-ply, 135 mm   
CLT floor thickness 3-ply, 105 mm  

Office (O) short span (O1) 6000 mm   
long span (O2) 12,000 mm   
CLT wall thickness 5-ply, 175 mm   
CLT floor thickness 5-ply, 175 mm  

Vertical location Bottom (S1) wall load (W) for C and R: 66.1 kN/m   
for O: 123.6 kN/m  

Roof (S6) wall load (W) for C and R: 9.0 kN/m    
for O: 13.0 kN/m  

Lap connection Traditional (T) connectors STSs 
Novel (N) connectors tube connector + STSs  

Ties Normal (X1) connector law 1-fold lap connection  
High (X5) connector law 5-fold lap connection  

Horizontal stiffness Low (K10) horiz. stiffness (KH) 10 kN/mm 
High (K100) horiz. stiffness (KH) 100 kN/mm  
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• Yield point (FPD,y, δy, κy), defined as the point where the curve 
diverged more than 2.5 mm from a linear law defined by Kini, i.e. 
where a horizontal 2.5 mm parallel shift of a line with slope Kini from 
the first point of force increase intersected the pushdown curve.  

• Maximum compressive arching action (FPD,A, δA, κA) , defined by the 
point where the tie force reached its first local minimum.  

• Maximum pushdown load (FPD,max, δmax, κmax).  
• Ultimate pushdown load (FPD,ult, δult, κult), defined by the point 

where FPD (κ) declined to 80% of FPD,max, after reaching FPD,max. 

For the tie force curves, the maximum compressive force under 
arching action, FT,A, and the maximum tensile (catenary) force, FT,max, 
were extracted. For the connectors, the points of failure initiation were 
extracted for each. 

3. Model validation 

The pushdown curves for both connector types from the experiments 
and the corresponding FE model calibration configuration are shown in 
Fig. 7. Three characteristic phases of the curves were captured in the 
simulations; a) initial linear phase, b) yielding phase with a low degree 

Fig. 8. Plasticising zones; transverse plastic indentation between A-B and in D, parallel crushing in C and E: a) experiment after unloading; b) simulation at 250 mm 
pushdown, plasticised zones indicated in red colour; c) simulation of novel connection at maximum arching action, plasticised zones indicated in orange colour. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. Pushdown curves of experiments and corresponding simulations with the calibration configuration: a) traditional connection; b) novel connection.  

Table 5 
Pushdown curve characteristics for the calibration configuration.  

Variant  Kinit 

(kN/mm) 
Fy 

(kN) 
Fmax 

(kN) 

Traditional Test 1 0.272 10.0 29.6  
Test 2 0.294 13.1 24.9  
FE calibration 0.274 14.8 26.2  

Novel Test 1 0.328 13.5 54.7  
Test 2 0.422 11.7 54.5  
FE calibration 0.452 16.3 63.1  
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of hardening, after κ ≈ 2.6% (δ ≈ 50 mm), c) tensile hardening phase 
which was more pronounced for the novel connector than for the 
traditional. The initial stiffness, yield load and maximum load in of the 
curves are summarised in Table 5. On average, the simulated curves 
deviated 1.8% and 5.4% from the envelope of the test curves, respec-
tively for the traditional and novel connection. The largest relative de-
viation was 6% for the traditional and 25% for the novel connection, and 
it occurred at κ ≈ 2.6% (δ ≈ 50 mm). The novel variant additionally 
deviated 17% at the end of the pushdown stroke. 

Perpendicular and longitudinal timber crushing at the platform joint 
were observed during the experiments (see Fig. 8a). Both crushing 
modes were also indicated and reproduced in the simulations (see 
Fig. 8b). The novel connection exhibited longitudinal crushing at the top 
edge in the lap joint during maximum arching action in both, the ex-
periments and the simulations (see Fig. 8c). For the traditional 
connection, no crushing was observed in the lap joint, in neither the 
experiments nor simulations. 

For the connections, the experimentally observed failure modes 
could be reproduced in the models. The F-F STSs failed by axial thread 
extraction, as indicated by the raised fibres in the joint, see Fig. 9a, and 
the undeformed shape of the screws, see Fig. 9b. Likewise, the simula-
tions showed that the F-F STSs failed axially, starting both axial and 
lateral degradation from κ ≈ 5% (δ ≈ 100 mm), which subsequently 
made impossible a more pronounced catenary phase. The axial extrac-
tion was provoked by a prying action on the STSs while the edge of the 
upper flange of the lap joint strutted on the lower flange during joint 
rotation, see Fig. 8c. Similarly, the F-W STSs failed axially in both the 
experiments and the simulations from κ ≈ 4% (δ ≈ 80 mm). The angle 
brackets showed no failure, in neither the experiments nor the simula-
tions. Inspection of the deformed tube connector, see Fig. 9c, indicated 
that strain hardening of the steel tube (Stage III), as defined in [39], was 
reached. Likewise, the connector force history during the simulations 
showed that the same stage was reached at the end of pushdown (final 
value 44.7 kN). 

The calibration configuration provided an acceptable approximation 
of the experimentally observed behaviour. Deviations originated from 
the modelling idealisations: initial gaps and misalignments in the floor 
joint were ignored; the restraints and boundary conditions were 
simplified, e.g. the restraining steel profiles and threaded bars bent 
significantly at large joint rotations in the experiments. For the novel 
connection, the onset of connector yielding was overestimated because 
the additional rotation during pushdown was disregarded. However, the 
behaviour was not adapted because the goal of this paper was to elicit 
comparative behaviour in the subsequent parameter variations. At the 
final stages of the pushdown tests with the novel connection, wood 
cracking at the point of fixture to the axial restraints resulted in the 
ripples of load decrease in Fig. 7. This behaviour was not modelled and 
consequently the simulated curve deviated at this stage. Nevertheless, 
the calibration configuration was deemed acceptable for adapting it to 

the platform configuration and the subsequent parameter variations. 

4. Results of parameter variations 

Fig. 10 shows the pushdown curves of all variations for K100 (hor-
izontal wall stiffness 100 kN/mm), except for the T-X1 variants (tradi-
tional connections with normal tie levels) because they were 
indistinguishable from the T-X5 variants. The dashed vertical line in the 
graphs marks the point of fall-off, i.e. where the upper lap joint flange 
lost contact with the lower flange and moved over the edge due to the 
large rotation (see Fig. 12c). Some variants did not reach this point due 
to convergence issues. The graphs for the C variations (calibration floor 
type) include the curves of the calibration configuration from the model 
validation. Fig. 11 shows the tie force curves for the K100 variations, 
except for the S6-T variants (top storeys with traditional connections) 
because of the small differences from the S1-T variants. In the Appendix, 
Table A1 provides the characteristics of the pushdown curves for K100, 
and Table A2 provides the failure initiation points of the connectors and 
the peak values of the tie force curves. The corresponding results for K10 
variations are not shown because the obtained differences were 
neglectable (less than 2%) and all curves exhibited similar behaviours. 

For all floor types, the short span S1-N-X5 variations (bottom storey, 
novel connection, 5-fold tying) exhibited the largest compressive tie 
forces. The stresses in the lap joint of these variants at maximum 
compressive arching are shown in Fig. 12a for the residential floor type 
and Fig. 12b for the office floor type. The final joint opening before fall- 
off of O1-S1-N-X5 is shown in Fig. 12c and is exemplary for all other 
variations. 

5. Discussion 

5.1. Modelling 

The chosen modelling approach sufficiently reproduced the non- 
linear phenomena observed during the pushdown experiments. The 
3D model with symmetry proved to be effective, as only small variations 
along the width were observed in the simulations; therefore, in future 
investigations, the model can further be reduced to a 2D plane stress 
model. The platform configuration of the model idealised the effects of 
the walls compressing the floor in the platform joint. At the location of 
pushdown, the connection to the wall above the lap joint was not 
considered because the F-F behaviour was of primary interest. The 
continuation of the floor beyond the platform joints was not considered, 
and instead replaced by horizontal laws to reduce the model size. Both, 
the anchorage to the wall above the gap and the connection of the 
continued panels would affect the collapse behaviour, and may in spe-
cific lead to smaller joint rotations. 

The concurrent use of multiple yield surfaces reproduced the 
experimental crushing modes. The use of mean instead of characteristic 

Fig. 9. Aftermath of the connection tests in the F-F joint: a) raised fibres (see arrow) in the lower lap flange; b) undeformed STSs; c) deformed shape of tube.  
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strength values proved to be a sound assumption as they well repre-
sented the experimental results. The assumed isotropic frictional law in 
the contact modelling could be refined to include anisotropic behaviour 
and different static and kinematic coefficients of friction. Frictional 
sliding was a challenging non-linearity regarding convergence. At κ ≈
15%, the opening angle tangent in the lap joint approached 0.3, i.e. the 
assumed friction coefficient, which resulted in small increments as the 
intermittently slipping and sticking contact changed into a constant 
sliding beyond this point. Further convergence difficulties were 
encountered after bracket failure initiation due to an abrupt change in 

load distribution and contact interaction, in specific for the T variants, 
where the platform joints provided the main resistance mechanism after 
the F-F connection failure. After fall-off, convergence was not expected 
for this study. 

5.2. Initial and arching stages 

Kini varied consistently in the variations (see Table A1), with S1 
variants being stiffer than S6 because of the additional restraining wall 
load, and N being stiffer than T due to the stiffer connection. The tie level 

Fig. 10. Pushdown curves for K100 variations: a) calibration floor, traditional connection; b) calibration floor, novel connection; c) residential floor, short; d) 
residential floor, long; e) office floor, short; f) office floor, long. 
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(X1 or X5) had negligible influence on Kini, as it was measured during 
small joint rotations. Floor type C was stiffest because of the shortest 
span, however, although O spanned longer, it was stiffer than R, because 
of the panel thickness difference. Although the span was the same, all 
variants of C reacted stiffer than the calibration configuration, because 
the artificial restraints of the experiments contained additional flexi-
bility (see Section 3). 

The arching stages of the 5-ply floor variants (C and O) were more 
pronounced than for 3-ply floors (R) (see Fig. 10) due to the difference in 
panel thickness which influenced the compressive area (see Fig. 12a and 
b). The shorter spans (R1, O1) exhibited more arching action than the 

longer spans (R2, O2). Due to the larger initial displacement from self- 
weight of the panels in R2 and O2, pushdown started in these variants 
already in the arching stages, resulting in low values of FPD,A. All models 
showed compressive tie forces at low joint rotation (see Fig. 11), but N 
variants caused higher compressive forces than T, and X5 variants 
caused higher compressive forces than X1, because the ties were stiffer 
in both N and X5, respectively. S1 variants provoked slightly higher 
compressive tie forces than S6. The simulations showed that local 
compressive crushing occurred in the top edge of the lap joint during 
arching, see Fig. 12. Simultaneously, high tensile stresses occurred at the 
bottom of the top flange of the lap joint. This stress state could induce 

Fig. 11. Tie force curves for K100 variations; a) calibration floor; b) residential floor, short; c) residential floor, long; d) office floor, short; e) office floor, long.  
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cracks in the joint, which would impair the pushdown resistance. 

5.3. Catenary and post-failure stages 

A free body diagram of the situation in the platform joint during 
catenary action is shown in Fig. 13. It includes the tie force FT, bottom 
wall reactions V1, H1, M1, upper wall reactions H2, M2, load from the 
level above W, pushdown force FPD, and the generalised components of 
the joint reactions JV and JH, which idealised both, connector forces and 
friction. 

For N variants, catenary action began when κ ≥ 4% (Figs. 10 and 11). 
X5 variants consistently led to lower FPD,max and lower FPD,ult (see 
Table A1), both also reached at lower levels of κ, compared to X1, 
because X5 variants had stiffer ties. Stiffer ties provoked larger catenary 
forces in the F-F connection at lower levels of displacement and thus 
earlier failure of the tube connector. More flexible ties permitted larger 
joint rotation and a more pronounced development of catenary action. 
For T variants, the pushdown curves were almost unaffected by the tie 
level, because the F-F connection failed at low levels of κ (see Table A2), 
which impaired catenary action. 

S1 variants shifted all pushdown curves towards higher values 
compared to S6 (see Fig. 10), because higher W had to be overcome 
during joint rotation. The effect was larger for C and O variants than for 
R, because the thicker floor panels additionally provoked larger reaction 

Fig. 12. Stress along the fibre in N/m2 in the lap joint during maximum compressive arching: a) R1-S1-N-X5; b) O1-S1-N-X5; c) joint openings before fall-off in O1- 
S1-N-X5. 
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Fig. 13. Free body diagram of the pushdown configuration; tie force FT, bottom 
wall reactions V1, H1, M1, upper wall reactions H2, M2, wall load W, pushdown 
force FPD, and generalised joint reactions JV and JH. 
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moments M1 and M2 in the walls. For the tie force curves, the vertical 
location of the floor had negligible or no effects (see Fig. 11), indicating 
that the wall loads did not interfere with tensile tie forces. 

Regarding the floor type, FPD,max was in most cases largest for C 
variants (see Table A1), because the span was shorter and the reactions 
in the platform joints could contribute most to counteract FPD. In the tie 
force curves, FT,max varied little among different floor types. 

After the F-F connection failed, JH was only constituted of friction, 
and the leverage of FPD was mainly counteracted by the reactions in the 
walls and W. Since W was set to a fixed level, the platform joints, 
together with the brackets, provided a base level of rotational resistance, 
without any F-F connector. This base level resistance varied slightly 
during pushdown, see e.g. in the graphs of the T variants for κ ≥ 4% in 
Fig. 10. The base level resistance was impaired for C and O variants 
when the bracket failed, and for the R variants, when fall-off (see 
Fig. 12c) occurred. The pushdown curve from the calibration configu-
ration with the traditional connection did not flatten at a comparable 
base level (see Fig. 10a), because the threaded steel bars restrained the 
joint rotation in an elastic manner, i.e. with increasing force at 
increasing rotation. 

Regarding connectors, it is notable that for most R variants, the 
brackets remained intact (see Table A2) because of the lower joint de-
formations due to the thinner panels. Similarly, for R variants, the F-F 
and F-W STSs failed later, i.e. at larger κ, compared to C and O, because 
of smaller joint displacements. For all N variants, the F-F STSs failed at 
larger κ, compared to T, because the tube connector governed the 
response given its higher strength, stiffness and ductility. Therefore, 
failure of the tube connector always coincided with FPD,max and FT,max. 

The variations of KH had negligible effects on both the pushdown and 
tie force curves because the platform joint opening provoked primarily 
reaction moments (M1 and M2) at the wall boundaries. This confirmed 
that the inward movement of the floor and wall system in platform-type 
construction under imposed rotation were negligible. All axial restraints 
were mainly provided at the floor level. For this study, the rotational 
flexibility of the walls was neglected, however, future studies should 
consider it, or alternatively, model larger portions of the walls. 

5.4. ALPs and design implications 

The resistance mechanisms against disproportionate collapse, i.e. the 
ALPs, were mainly affected by the floor span, followed by the axial 
strength, stiffness and ductility of the F-F connection, the weight of the 
level above and the floor panel thickness. Three ALPs occurred: I) the 
rotational base resistance of the platform joint, II) arching action and III) 
catenary action. For the novel connection, the floor system could sustain 
a relative displacement before failure of at least 9.8% (5.6◦) for the short 
and at least 7% (4◦) for the long variants, and for the traditional 
connection at least 2.4% (1.4◦) for the roof storeys and at least 9% (5◦) 
for the bottom storeys. 

Naturally, longer spans led to decreased collapse resistance 
regarding all ALPs. ALP I provided a consistent resistance during all 
stages of pushdown, until either the bracket failed or fall-off occurred. 
For the considered panel thicknesses, ALP II provided resistance at small 
pushdown displacements (κ ≈ 2%). Increasing the panel thickness, e.g. 
using 7- or 9-ply CLT, would result in higher compressive forces, which 
would require design attention to prevent extensive wood crushing, e.g. 
by steel reinforcements at the points of contact. ALP III provided sub-
stantial collapse resistance; to maximise it, connection design should 
consider the stiffness, ductility and ultimate strength of both, the F-F 
connection and the ties. Herein, the traditional F-F connection behaved 
like a hinge under rotation, whereas the tube connector acted along a 
line between two points a larger distance apart, enabling it to transform 
the horizontal floor spreading into tensile loads and catenary action. For 
typical CLT floor systems in platform-type construction, the design for 
disproportionate collapse prevention should target catenary action. 

6. Conclusions 

An NLCL FE model of a platform-type CLT floor after a wall removal 
was developed. The model was calibrated to previous experimental re-
sults and then adapted for boundary conditions corresponding to a 
typical building. Subsequently, five parameters (floor span, connection 
type, vertical location of the floor, tying level, horizontal wall stiffness) 
were varied, to study their effects on the ALPs in 80 models. From the 
results, the following main conclusions can be drawn:  

1. The calibration configuration provided an acceptable approximation 
of the experimentally observed behaviour. The modelling approach 
sufficiently reproduced the non-linear phenomena observed during 
the pushdown experiments.  

2. For a CLT floor system in platform type construction, its strength and 
acceptance criteria for preventing disproportionate collapse are: a) 
decreased by longer floor spans, b) increased by the novel connection 
compared to the traditional, c) increased by a bottom storey location 
compared to a top storey, d) decreased by increased tying at the ends 
without adapting the middle connection, and e) unaffected by 
changing the horizontal wall stiffness.  

3. Three ALPs can occur in the floor: I) base rotational resistance of the 
platform joint, II) arching action, and III) catenary action.  

4. Longer spans lead to decreased collapse resistance regarding all 
ALPs.  

5. ALP I provides resistance throughout pushdown until fall-off if the 
bracket remains intact. It increases with increased weight from the 
levels above the floor. 

6. ALP II provides resistance at small pushdown displacements. It in-
creases with thicker panels and shorter floor spans.  

7. ALP III is the most dominant resistance mechanisms. It occurs at 
large displacements and requires sufficient axial strength, stiffness 
and ductility in the F-F connection. If the stiffness and strength of the 
ties are increased without changing the F-F connection, then cate-
nary action will be impaired at lower pushdown loads and smaller 
displacements.  

8. For the novel connection, the floor system could sustain a relative 
displacement before failure of at least 9.8% (5.6◦) for the short and at 
least 7% (4◦) for the long variants, and for the traditional connection 
at least 2.4% (1.4◦) for the roof storeys and at least 9% (5◦) for the 
bottom storeys, which can be regarded as the acceptance criterion for 
the respective connection. 

The results presented herein can be regarded as conservative, since 
connections across the main floor direction and connections to the 
pushing wall were not considered, which would contribute additionally 
to collapse resistance by enabling membrane action in the entire floor 
system. Future research could refine the presented NLCL modelling 
approach and extend it to include more parameters affecting the 
collapse resistance such as the behaviour of the walls in the platform 
joint under pushdown and how lower stiffness in the ties could affect 
collapse resistance. This study provides knowledge for timber engineers 
striving to understand and quantify ALPs after an internal wall removal 
in platform-type CLT floors, for disproportionate collapse prevention. 
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Appendix A 

See Tables A1 and A2. 

Table A1 
Pushdown curve characteristics for K100 variations, extremal values in bold. K10 variations differed on average 2.2% for force and 0.6% for displacement values.  

Variant Kini 

(kN/mm) 
FPD,y 

(kN/m) 
κy 

(%) 
FPD,A 

(kN/m) 
κA 

(%) 
FPD,max 

(kN/m) 
κmax 

(%) 
FPD,ult 

(kN/m) 
κult 

(%) 

C-S6-T-X1 0.40 14 2.0 19 3.3 19 8.4 15 15.4 
C-S6-N-X1 0.62 21 1.9 25 2.9 71 14.5 54 16.1 
C-S6-T-X5 0.42 14 1.9 18 2.8 19 7.9 15 15.9 
C-S6-N-X5 0.67 20 1.7 25 2.9 62 11.8 50 13.8 
C-S1-T-X1 0.69 19 1.6 26 3.8 31 9.4 – – 
C-S1-N-X1 0.93 6 0.2 33 2.8 84 15.1 67 16.3 
C-S1-T-X5 0.71 20 1.6 26 2.8 31 9.4 23 20.1 
C-S1-N-X5 0.99 6 0.2 34 2.9 76 12.4 60 14.4  

R1-S6-T-X1 0.20 9 2.1 8 2.1 17 9.6 13 15.4 
R1-S6-N-X1 0.29 11 1.8 10 1.6 64 14.3 45 15.7 
R1-S6-T-X5 0.20 8 1.9 8 2.1 18 10.5 14 15.4 
R1-S6-N-X5 0.30 10 1.6 10 1.6 60 12.0 46 13.8 
R1-S1-T-X1 0.39 5 0.5 13 2.1 26 11.4 21 18.3 
R1-S1-N-X1 0.49 14 1.4 17 2.1 73 14.2 58 15.6 
R1-S1-T-X5 0.39 8 0.8 13 2.1 27 9.2 21 18.3 
R1-S1-N-X5 0.50 14 1.4 15 1.6 69 12.3 55 14.0  

R2-S6-T-X1 0.04 3 2.8 0 1.1 10 10.1 7 11.8 
R2-S6-N-X1 0.06 3 1.8 1 0.8 42 9.8 32 10.8 
R2-S6-T-X5 0.04 2 2.0 1 1.2 10 9.8 6 11.7 
R2-S6-N-X5 0.06 3 1.5 1 0.8 39 8.5 30 9.9 
R2-S1-T-X1 0.07 2 1.4 2 1.3 14 9.4 9 12.1 
R2-S1-N-X1 0.09 4 1.4 2 0.9 45 9.6 36 10.7 
R2-S1-T-X5 0.07 2 1.3 2 1.3 14 9.1 10 11.8 
R2-S1-N-X5 0.09 12 3.1 2 0.9 43 8.7 34 10.0  

O1-S6-T-X1 0.26 11 1.6 14 2.4 14 2.9 11 14.3 
O1-S6-N-X1 0.41 15 1.4 20 2.3 55 11.3 40 12.8 
O1-S6-T-X5 0.27 10 1.5 14 2.4 14 2.4 9 15.3 
O1-S6-N-X5 0.44 14 1.3 20 2.3 50 9.8 39 11.3 
O1-S1-T-X1 0.62 17 1.1 28 3.3 34 13.9 – – 
O1-S1-N-X1 0.79 23 1.1 34 2.8 75 11.8 59 13.2 
O1-S1-T-X5 0.64 18 1.1 27 2.8 34 14.2 27 19.0 
O1-S1-N-X5 0.83 23 1.1 33 2.3 70 10.2 51 12.5  

O2-S6-T-X1 0.05 2 1.8 1 1.4 5 5.0 4 7.2 
O2-S6-N-X1 0.08 5 1.8 1 0.9 31 8.3 24 8.9 
O2-S6-T-X5 0.05 2 1.9 1 1.3 5 4.0 4 7.2 
O2-S6-N-X5 0.08 6 2.0 1 0.9 29 7.1 22 8.1 
O2-S1-T-X1 0.11 4 1.1 7 1.9 13 14.3 8 16.6 
O2-S1-N-X1 0.15 6 1.2 5 1.0 39 8.2 31 9.0 
O2-S1-T-X5 0.11 4 1.1 7 1.9 16 13.1 11 16.6 
O2-S1-N-X5 0.15 6 1.1 5 1.0 37 7.3 30 8.4  
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